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For building a scalable quantum processor with superconducting qubits, ZZ interaction is of great concern
because its residual has a crucial impact to two-qubit gate fidelity. Two-qubit gates with fidelity meeting the
criterion of fault-tolerant quantum computationhave been demonstrated using ZZ interaction. However, as the
performance of quantum processors improves, the residual static-ZZ can become a performance-limiting factor
for quantum gate operation and quantum error correction. Here, we introduce a superconducting architecture
using qubits with opposite-sign anharmonicity, a transmon qubit and a C-shunt flux qubit, to address this issue.
We theoretically demonstrate that by coupling the two types of qubits, the high-contrast ZZ interaction can be
realized. Thus, we can control the interaction with a high on/off ratio to implement two-qubit CZ gates, or
suppress it during two-qubit gate operation using XY interaction (e.g., an iSWAP gate). The proposed architec-
ture can also be scaled up to multi-qubit cases. In a fixed coupled system, ZZ crosstalk related to neighboring
spectator qubits could also be heavily suppressed.
Engineering a physical system for fault-tolerant quantum
computing demands quantum gates with error rates below
the fault-tolerant threshold, which has been demonstrated
in small-sized superconducting quantum processors [1]. At
present, high-performance quantum processors with dozens
of superconducting qubits have become available [2], but re-
alizing fault-tolerant quantum computing is still out of reach,
mainly because of the heavy overhead needed for error-
correction with state-of-the-art gate performance. Therefore,
further improving gate performance is essential for realiz-
ing fault-tolerant quantum computing with supercondcuting
qubits.
With today’s superconducting quantum processors, apart
from increasing qubit coherence times, speeding up gates
can also fundamentally improve gate performance. However,
there is a speed-fidelity trade-off imposed by parasitic interac-
tions. Since the current two-qubit gates typically have lower
gate speeds and worse fidelity than single-qubit gates [3], this
issue is particularly relevant to two-qubit gates. For imple-
menting a fast two-qubit gates with strong two-qubit coupling,
one of the major parasitic interactions is ZZ coupling, which
is mostly caused by the coupling between higher energy lev-
els of qubits [4, 5]. Thus, for qubits with weak anharmonicity,
such as transmon qubits [6] and C-shunt flux qubits (in sin-
gle well regions) [7–9], the non-zero parasitic ZZ coupling
exists inherently due to the intrinsic energy level diagrams
of qubits. This ZZ interaction has been shown to act as a
double-edged sword for quantum computing: it can be used
to implement high-speed and high-fidelity controlled-Z (CZ)
gates [1, 10–12], yet it can also degrade performance of two-
qubit gates through XY interaction [2, 8, 11–17]. Moreover,
in fixed coupled multi-qubit systems, such as the one shown
in Fig.1(a), gate operations in the two qubits enclosed by the
rectangle involve six neighboring spectator qubits, and the ZZ
coupling related to these qubits cannot be fully turned off by
tuning qubits out of resonance [1]. The residual is typically
manifested as crosstalk, which results in addressing errors
and phase errors during gate operations and error correction
[18–24]. Furthermore, these errors are correlated multi-qubit
errors, which are particularly harmful for realizing a fault-
tolerant scheme [25]. Given the fidelity and performance limi-
tations related to parasitic ZZ interaction, it is highly desirable
to achieve high-contrast control over this parasitic coupling.
To address this challenge, in this work, we introduce a
superconducting architecture using qubits with opposite-sign
anharmonicity. We theoretically demonstrate our protocol
with coupled transmon and C-shunt flux qubits, which have
negative and positive anharmonicity, respectively. We show
that high-contrast ZZ interaction can be achieved by engineer-
ing the system parameters. By utilizing ZZ interaction with a
high on/off ratio, we can implement the CZ gate with a speed
higher than that of the traditional setup using only one type of
qubit (e.g., full transmon systems). Parasitic ZZ coupling can
also be deliberately suppressed during two-qubit gate opera-
tions using XY interaction (e.g., an iSWAP gate), while leav-
ing the XY interaction completely intact. The proposed archi-
tecture can be scaled up to multi-qubit cases, and in fixed cou-
pled systems, ZZ crosstalk related to spectator qubits could
also be heavily suppressed.
To start, let us consider a superconducting architecture
(hereinafter, the AB-type) where two qubits with opposite-
sign anharmonicities are coupled together. The architecture
can be treated as a module that can be easily scaled up to
multi-qubit case. In Fig. 1(a), we show a case of a nearest-
neighbor-coupled qubit lattice, where circles with A and B are
two-type qubits with opposite-sign anharmonicities arranged
in an -A-B-A-B- pattern. As shown in Fig. 1(b), both qubits
can be modeled as a three-level (i.e., |0〉, |1〉, |2〉) anharmonic
oscillator for which the Hamiltonian is given as (~ = 1)
Hl = ωlq
†
l ql +
αl
2
q†l ql(q
†
l ql − 1), (1)
where the subscript l = a, b labels an anharmonic oscillator
with anharmonicity αl and frequency ωl, and ql (q
†
l ) is the as-
sociated annihilation (creation) operator truncated to the low-
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FIG. 1: (a) Layout of a two-dimensional nearest-neighbor lattice,
where circles at the vertices denote qubits, and gray lines indicate
couplers between adjacent qubits. The lattice consists of two-type
qubits arranged in an -A-B-A-B- pattern in each row and column.
The circles with A and B are qubits with opposite-sign anharmonic-
ities, and each one can be treated as a three-level anharmonic oscil-
lators (b). Typically, transmon qubits and C-shunt flux qubits can
be modeled as anharmonic oscillators with negative and positive an-
harmonicity, respectively. Qubits can be coupled to each other (c)
directly via a capacitor or (d) indirectly using a resonator.
est three-level. Usually, qubits can be coupled directly via
a capacitor or indirectly through a bus resonator, as shown
in Fig. 1(c) and 1(d). For clarity and without loss of gen-
erality, unless explicitly mentioned, we focus on the direct-
coupled case in the following discussion, and the dynamics
of two-coupled qubits can be described by the Hamiltonian
H = Ha +Hb +HI , whereHI = g(q
†
aqb +H.c.) describes
the inter-qubit coupling with strength g.
Before describing our main idea of engineering high-
contrast ZZ interaction in our architecture, we need to first
examine the origin of parasitic ZZ interaction in the tradi-
tional setup (hereinafter, the AA-type), where two transmon
qubits are coupled directly. By ignoring higher energy levels,
we can model the transmon qubit as an anharmonic oscilla-
tor with negative anharmonicity [6], thus the system Hamilto-
nian can be expressed as H with αa,b < 0. Fig. 2(a) shows
numerically calculated energy levels of the system for an-
harmonicities αa,b = −α (α/2π = 250MHz, which is a
positive number throughout this work) [26]. One can find
that there are four avoided crossings, one corresponds to the
XY interaction in the one-excitation manifold (i.e., interac-
tion |01〉 ↔ |10〉), and the other three (from left to right) as-
sociate with interactions among the two-excitation manifold
{|11〉, |02〉, |20〉} (i.e., interactions |11〉 ↔ |02〉, |20〉 ↔ |02〉,
and |11〉 ↔ |20〉). The interactions between qubit states |11〉
and non-qubit states (|02〉, |20〉) change the energy of state
|1˜1〉, where |i˜j〉 denotes the eigenstate of the Hamiltonian H
that has the maximum overlap with the bare state |ij〉, and the
corresponding eigenenergy isEi˜j , thus leading to ZZ coupling
with strength
ζ = (E1˜1 − E0˜1)− (E1˜0 − E0˜0) = J(tan
θb
2
− tan θa
2
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FIG. 2: Numerical calculation of the energy levels of the coupled
qubit system as a function of the qubit detuning ∆ = ωa − ωb
for qubit frequency ωb/(2pi) = 5.5GHz, anharmonicity α/2pi =
250MHz [8, 26], and coupling strength g/2pi = 15MHz. (a)
Qubits with same-sign anharmonicity αa(b) = −α; (b) Qubits
with opposite-sign anharmonicity αa(b) = ∓α. The inset high-
lights the triple degeneracy point in the two-excitation manifold
{|02〉,|20〉,|11〉}.
where tan θa,b = 2J/(∆ ± αa,b), ∆ = ωa − ωb denotes
qubit detuning, and J =
√
2g is the coupling strength of
|11〉 ↔ |02〉 (|20〉). When J ≪ |∆ ± αa,b|, Eq. (2) can be
approximated by ζ = J2/(∆ + αb)− J2/(∆− αa) [1].
With the expression in Eq. (2), there are two terms con-
tributing to ZZ interaction, and each is independently asso-
ciated with the interaction |11〉 ↔ |02〉 (|20〉). Replacing one
of the two transmon qubits with a qubit for which the value
of anharmonicity is comparable but the sign is positive can
destructively interfere the two terms in Eq. (2), thus heavily
suppressing ZZ coupling. A promising qubit to implementing
such a AB-type setup is the C-shunt flux qubit in single well
regime [7–9], where the qubit can be modeled as an anhar-
monic oscillator that has positive anharmonicity with mag-
nitude comparable to that of the transmon qubit [8, 26]. In
Fig. 2(b), we show numerically calculated energy levels for
this AB-type setup with αb/2π = 250MHz [8] and keep
all other parameters the same as in Fig. 2(a). Compared with
the AA-type setup, the avoided crossing associated with inter-
action |01〉 ↔ |10〉 is completely intact, but the interaction
among two-excitation manifold forms an avoided crossing
with triplets, as shown in the inset of Fig. 2(b). At the triple
degeneracy point, the eigenstates are (|02〉+|20〉−√2|11〉)/2,
(|02〉 − |20〉)/√2, (|02〉+ |20〉+√2|11〉)/2, with the corre-
sponding energies of E11 −
√
2J , E11, and E11 +
√
2J [31].
Fig. 3(a) shows the numerical result of ZZ coupling strength
as a function of qubit detuning ∆ in the AB-type setup. The
result for the AA-type setup is also shown for comparison.
In the AB-type setup, ZZ coupling is completely removed
away from the triple degeneracy point at ∆ = αb, while
for regions close to the degeneracy point, coupling is pre-
3served, and the strength at the degeneracy point is larger than
that of the AA-type setup (2g vs
√
2g) [31]. In Fig. 3(b),
we have also shown ZZ coupling strength as a function of
the anharmonicity asymmetry δα = |αb| − |αa| for typi-
cal coupling strength g/2π = 15MHz and qubit detuning
∆/2π = −150MHz. One can find that the ZZ coupling
strength is suppressed below 0.7MHz for the anharmonicity
asymmetry around −100 ∼ 600MHz. In addition, since the
anharmonicities of both types of qubits (the transmon qubit
and the C-shunt flux qubit) depend primarily on geometric
circuit parameters, the typical anharmonicity asymmetry δα
around −20 ∼ 20MHz could be achieved with current qubit
fabrication techniques [26]. In this case, ZZ coupling strength
could be further suppressed below 60KHz, as shown in the
inset of Fig. 3(b), whereas for the traditional setup, the typical
strength of the residual ZZ coupling is about 5MHz, as shown
in Fig. 3(a).
For a more comprehensive analysis of ZZ coupling in
the AB-type setup, we explore the full parameter range in
Fig. 3(c) with varying qubit detuning ∆ and ahharmonicity
asymmetry δα. We identify three regions in parameter space
with prominent characteristic. The two lighter regions indi-
cate that ZZ coupling becomes strong when qubit detuning
approaches qubit anharmonicity, i.e., ∆ = ∓αa,b, and the in-
tersection region corresponds to the triple degeneracy point.
The darker region shows where ZZ coupling is heavily sup-
pressed and is zero for δα = 0. In Fig. 3(d), we show the
result for an indirect-coupled case, where qubits are coupled
via a resonator [32]. In this case, the strength of the effec-
tive inter-qubit coupling depends on qubit detuning, thus the
zero ZZ coupling point depends not only on the anharmonicity
asymmetry, but also on the qubit detuning.
Having shown high contrast ZZ interaction in the AB-type
setup, we now turn to study the implementation of two-qubit
gates with a diabatic scheme in this setup [4, 11]. Here, we fo-
cus on the direct-coupled system with always-on interactions
described by the HamiltonianH with αa < 0 and αb > 0, but
the method is generalizable to other coupled systems [32]. For
illustration purposes and easy reference, we use the same pa-
rameters as those in Fig. 2(b). In this case, during the gate
operations, the frequency of qubit b remains at its parking
point, while the frequency of qubit a changes from its park-
ing point to the interaction point and then back, according to
a time-dependent function [35, 38], as shown in Fig. 4(a) or
4(d) where the full width at half maximum is defined as hold
time. We note that at the parking (idling) point where the
inter-qubit coupling is effectively turned off, the logical ba-
sis state |ij〉 is defined as the eigenstates of the system biased
at this point [31, 38], which is adiabatically connected to the
bare state |ij〉. Expressed in the logical basis, the target gate
operations can be expressed as
U(θ, φ) = e−i(|01〉〈10|+|10〉〈01|)θe−i|11〉〈11|φ, (3)
where θ denotes the swap angle associated with the bare
exchange interaction |01〉 ↔ |10〉, and φ represents the
conditional phase resulting from ZZ coupling. To quantify
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FIG. 3: Numerical results for ZZ coupling strength |ζ|. (a) |ζ| ver-
sus qubit detuning ∆ for anharmonicity asymmetry δα = |αb| −
|αa| = 0, where the dashed line shows result for the AA-type.
(b) |ζ| versus δα for ∆/2pi = −150MHz, where the dashed line
shows perturbational result. The inset shows that |ζ| could be sup-
pressed below 60KHz with the typical anharmonicity asymmetry
(−20 ∼ 20MHz). (c) |ζ| versus∆ and δα. Horizontal (vertical) cut
through (c) denotes the result plotted in a (b). (d) ZZ coupling in a
system comprising two qubits that are coupled via a resonator [32].
the intrinsic performance of the implemented gate operation,
we use the metric of state-average gate fidelity F (θ, φ) =
[Tr(U †U) + |Tr(U(θ, φ)†U)|2]/20 [39], where U is the ac-
tual evolution operator (ignoring the decoherence process) up
to single qubit phase gates.
We first consider the implementation of the CZ gate
U(0, π), and the main idea is as follows. By tuning the fre-
quency of qubit a from its parking point ωP = 6.1GHz to the
interaction pointωI = ωb+α according to the time-dependent
function shown in Fig. 4(a), the CZ gate can be realized af-
ter a full Rabi oscillation between |11〉 and [|02〉+ |20〉]/√2.
As mentioned before, the Rabi rate is larger than in the AA-
type setup (2g vs
√
2g), thus allowing a higher gate speed.
We note that an additional small overshoot to the interaction
frequency ωI is critical to optimize the leakage to non-qubit
states [11, 35]. By taking the optimal overshoot and initial-
izing the system in states |11〉 and |01〉, Fig.4(b) shows the
leakage εleak = 1 − P1¯1 (Pi¯j denotes the population in the
logical state |ij〉 at the end of the gate operations) and swap
error ǫswap = 1−P0¯1 as a function of the hold time. In present
system with fixed inter-qubit coupling, it is nearly impossible
to have an optimal hold time to simultaneously minimize the
swap error and leakage, as shown in Fig.4(b). Thus, here,
we choose to minimize the leakage, and find that with a hold
time of 17.3 ns, a CZ gate with fidelity above 99.999% can
be achieved, and both the leakage and swap error can be sup-
pressed to below 10−4. However, as shown in Fig.4(c), when
the system is considered with typical anharmonicity asymme-
try δα, gate fidelity worsens. In order to identify the perfor-
mance limiting factors, we extract phase error δθ, δφ with re-
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FIG. 4: Numerical results for CZ gate and iSWAP gate implementa-
tion in our architecture. The system parameters used are same as in
Fig. 2(b). (a),(d) Typical pulses with small overshoots for realizing
CZ gates and iSWAP gates, where the full width at half maximum
is defined as hold time. (b),(e) Leakage εlaek and swap error εswap
versus hold time for system with anharmonicity asymmetry δα = 0
and optimal overshoots [35]. (c),(f) Gate error 1 − F versus typical
anharmonicity asymmetry. The phase error δθ, δφ with respect to the
ideal phase parameters (0, pi for CZ gate, and pi/2, 0 for iSWAP gate)
and leakage error εleak are also presented for identifying the major
source of error.
spect to the ideal phase parameters θ = 0, φ = π for CZ
gate and the leakage, and find that in the current case, gate
error primarily result from conditional phase error δφ. This
can be explained by the fact that in systems with typical an-
harmonicity asymmetry, the resonance condition for having a
full Rabi oscillation between |11〉 and non-qubit state breaks
down. Off-resonance Rabi oscillation is thus presented, caus-
ing conditional phase error [35].
An iSWAP gate U(π/2, 0) can be realized by tuning the
two qubits into resonance according to the control pulse
shown in Fig. 4(d). Given an optimal overshoot with respect
to the interaction point ωa = ωb, an iSWAP gate with fidelity
exceeding 99.99% can be realized with a hold time of 17.1 ns
[40], and leakage εleak and swap error εswap = P0¯1 can be
suppressed to below 10−4, as shown in Fig. 4(e). As shown in
Fig. 4(f), we also study the effect of anharmonicity asymmetry
on gate fidelity, and find that gate fidelity in excess of 99.98%
can be achieved for system with typical anharmonicity asym-
metry. By extracting phase error δθ, δφ and leakage for the
iSWAP gate, we find that leakage error becomes the major
source of error. Finally, we note that apart from leakage and
swap error, phase error δφ resulted from parasitic ZZ coupling
limits the performance of iSWAP gates in the traditional AA-
type setup [2, 11, 12]. The high-fidelity iSWAP gate and the
low conditional phase error δφ demonstrated above indicate
that parasitic ZZ coupling is indeed heavily suppressed in the
AB-type setup.
In summary, we have studied parasitic ZZ coupling in a
superconducting architecture [41–43] where two qubits with
opposite-sign anharmonicities are coupled together and found
that high-contrast control over parasitic ZZ coupling can be
realized. We further show that CZ gates with higher gate
speed and iSWAP gates with dramatically lower conditional
phase error can be realized with diabatic schemes in the pro-
posed architecture. Moreover, as shown in Fig. 4(b) and 4(c),
XY gates with arbitrary swap angles [44], leakage error be-
low 10−3, and negligible phase error is achievable , as is arbi-
trary control phase gate with swap error below 10−3. Since
these errors are caused by off-resonant Rabi oscillation re-
lated to the associated parasitic interaction (i.e., |01〉 ↔ |10〉
for CZ gates, and |11〉 ↔ |20〉 (|02〉) for iSWAP gates), even
lower error rates should be possible by increasing the value
of anharmonicity [43] or using the synchronization procedure
[11]. Implementing these continuous set of gates natively
could be useful for near-term applications of quantum pro-
cessors [12, 44]. As one may expect, the high-contrast con-
trol over ZZ coupling could also improve the performance of
parametric activated gates [15–17] and cross-resonance gates
[8, 14]. In multi-qubit systems and with fixed coupled cases,
the crosstalk resulted from ZZ coupling could be heavily sup-
pressed, thus, gate operations can be implemented simultane-
ously with low crosstalk. For tunable coupled cases [45–48],
XY gates with arbitrary swap angles can be implemented na-
tively with negligible conditional phase error [2, 11, 12].
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